Introduction

56
Obesity has been widely recognized as a low-grade, chronic inflammatory disease. However, 57 the causal relationship between inflammation and obesity, and the causal factors behind obesity-2.6 Microglia activation 175 Hindbrains were cryosectioned (Leica CM1950, Leica Biosystems, Wetzlar, Germany) at 20 176 μm thickness and standard immunofluorescence was used to determine microglia activation in 177 the hindbrain. Hindbrain sections were incubated overnight with a primary antibody against 178 ionized calcium binding adaptor molecule 1 (Iba1, Wako Cat#019-19741, RRDI: AB_839504) 179 followed by Alexa-488 secondary antibody for 2-h to visualize microglia activation as previously Elements AR software as previously described 22, 23 . threshold settings for 200x were determined as R: 145-255, G: 0-129, B: 2-255, circularity: 0-1, 199 and size: 0-92. Random systematic sampling was completed by drawing five 600 x 600 pixel 200 squares, using the square ROI tool, on the image. The squares were arranged in a manner 201 resembling non-overlapping Olympic rings. The sampling was completed so the squares were 202 randomly assigned to areas uninterrupted by empty space (sinusoids). Binary area fraction was 203 calculated as previously described 23 and averaged from the five squares. These averages were 204 then compared between groups to analyze changes in hepatic lipidosis. expressed as mean ± SD and were analyzed using t-test or ANOVA followed by Holm-Sidak 208 multiple comparisons test as appropriate. Alpha value for statistical significance was set at 0.05. Group means for caloric intake, body weight, and body fat mass were compared using one-214 way ANOVA to evaluate the effect of short term (STED) and long term (LTED) consumption of 215 a high ED diet (Fig. 1 ). In the STED group, the animals significantly increased their caloric 216 intake during the first week after introduction of the high ED diet compared to intake of the low 217 ED diet (Ps < 0.0001) [ Fig. 1 -A]. Caloric intake decreased to intakes of the low ED by week two 218 and remained stable. After two weeks of high ED diet consumption, the animals were 219 significantly heavier than at baseline (P < 0.01) [ Fig. 1-B ]. After four weeks on the high ED diet, 220 rats were still significantly heavier than after week one on the diet (P = 0.007). Consistently, 221 body fat mass percent significantly increased after only one week on the high ED diet compared 222 to baseline (Ps < 0.05) and remained high in spite of the decrease in caloric intake [ Fig.1 -C].
223
Similar results were observed in the LTED group. Caloric intake was significantly higher 224 during the first week of high ED diet consumption compared to intake of low ED diet and all Group means + SD serum levels of cytokines (OD) and insulin (ng/ml) were compared to 236 investigate the impact of short term and long-term consumption of a high ED diet on [ Table 1 ].
237
In the STED group, the data were compared using paired t-test. We observed a significant 238 increase in TNFα (P = 0.03) and significant decrease in IL-1α after four weeks on ED diet (ED4) 239 compared to baseline (P < 0.0001). There were no other significant changes observed.
240
In the LTED group, longitudinally (data were compared using RM one-way ANOVA), four 241 weeks after introduction of the high ED diet we observed a significant increase in FGFβ, MCP-1, 242 MIP-1a, and TGFβ compared to baseline (Ps < 0.05). After eight weeks of high ED diet (ED8) 243 consumption, serum levels of IFNγ and IL-15 were significantly decreased compared to baseline 244 (Ps < 0.01). Levels of TNFα and IL-6 were significantly lower than after four weeks on the high 245 ED diet (Ps < 0.05). After 26 weeks on the high ED diet (ED26), serum levels of FGFβ, Leptin, 246 SCF, and MCP-1 were significantly higher than at baseline (Ps < 0.05), ED4 (Ps < 0.01), and 247 ED8 (Ps < 0.05). IP-10 levels were significantly higher than at ED4 (P = 0.0094). MIP-1α, IL-248 15, and IL-1α levels were significantly higher than at ED8 (Ps < 0.05). Serum level of Rantes 249 was significantly lower compared to baseline, ED4, and ED8 (Ps < 0.05). IFNγ, IL-5 levels were 250 significantly lower compared to baseline (Ps < 0.01). Cross-sectional comparison of the ED26 251 group to low ED diet fed controls using unpaired t-test revealed that the ED26 group had 252 significantly higher levels of leptin, SCF, IL-1α, and TGFβ (Ps < 0.01). To investigate the effect of consuming a high (ED) diet on the gut microbiota, we 255 characterized the microbiome of the STED and LTED groups at several time points throughout 256 the study. In the STED group, we characterized the gut microbiota composition at baseline (LF), Supplementary Fig. S1 -A]. In the LTED group, we characterized the microbiota 260 composition at four (ED4), eight (ED8), and 26 (ED26) weeks after high ED diet introduction. 261 We also characterized the microbiota of the age-matched, low ED diet control group (LF26). The ED1 86% and ED4 69%, Ps < 0.0001) and decreased the abundance of Bacteroidetes (LF 67% 283 vs ED1 10% and ED4 16%, Ps < 0.0001). There was also a significant increase in abundance of 284 Verrucomicrobia after four weeks of high ED diet (LF 1% and ED1 0.8% vs ED4 8%, P = 0.04).
285
At the level of family, high ED diet consumption significantly increased the abundance of 286 members of Erysipelotrichaceae (LF 3.8% vs ED1 60% and ED4 41%, Ps < 0.0001) of the 287 phylum Firmicutes. Members of the family S24-7 of the phylum Bacteroidetes were significantly 288 depleted by high ED diet consumption (LF 69% vs ED1 12% and ED4 17%, Ps < 0.0001). In 289 addition, one week of high ED diet consumption significantly increased the Firmicutes-to- 290 Bacteroidetes ratio, (LF 0.4 vs ED1 8.7, P = 0.0010). There was no statistically significant 291 difference after four weeks on the high ED diet, however, the ratio was still higher at ED4 (4.3) 292 than at baseline (LF) [ Fig. 3-B ]. At the level of family [ Fig. 3 -C], four weeks (ED4) and eight weeks (ED8) after high ED diet 308 introduction there was a significantly higher abundance of Ruminococcaceae compared to after 309 26 weeks (ED26, P < 0.01). Four weeks (ED4) and eight weeks (ED8) after high ED diet 310 introduction, there was a significantly lower abundance of Verrucomicrobiaceae compared to 311 after 26 weeks (ED26, P < 0.01). High ED diet fed rats had significantly higher abundance of 312 members of Bacteroidaceae (LF26 0.8% vs ED4 14%, ED8 14%, and ED26 16%, Ps < 0.0001) 313 and Ruminococcaceae (LF26 0.8% vs ED4 14% and ED8 14%, Ps < 0.0001) compared to low 314 ED fed rats. In addition, high ED diet fed rats had significantly lower abundance of members of 315 Peptostreptococcaceae (LF26 5% vs ED4 0.6%, ED8 0.9%, and ED26 0.5%, Ps < 0.05) and 316 Verrucomicrobiaceae (LF26 14% vs ED4 1.2%, ED8 3%, and ED26 9%, Ps < 0.01) compared to 317 low ED fed rats. In high ED fed rats, the Firmicutes-to-Bacteroidetes ratio was significantly 318 higher at eight weeks (ED8) compared to four (ED4) and 26 (ED26) weeks (ED8 11.5 vs ED4 319 6.4 and ED26 5.7, Ps < 0.01). Compared to low ED controls (LF26), high ED fed rats had a We hypothesized that high ED diet consumption triggers microglia activation in the NTS.
324
Results of immunostaining against Iba-1 were compared using one-way ANOVA and revealed 325 that compared to low ED controls (LF26W), rats fed a high ED diet for four weeks (ED4, P = 326 0.0005) and 26 weeks (ED26, P < 0.0001) had significantly higher binary area fraction of 327 fluorescent staining against Iba-1 [ Fig. 4 ]. In addition, the ED26 group had significantly higher 328 binary area fraction of fluorescent staining than the ED4 group (P = 0.0213). . 345 We further analyzed the intensity of ORO staining in tissue sections that were scored by the 346 veterinary pathologist using a computer software (see methods for details) and results were 347 analyzed using one-way ANOVA. The data revealed that there is a progressive increase in the 
Discussion
354
It is widely recognized that diet is a key factor in short-term and long-term composition, 355 diversity, dynamics, and microbiota-driven host metabolism 25 . In this study, we sought to 356 characterize the long-term effects of consuming a high energy density (ED) diet on the gut 357 microbiome, serum profile of inflammation, neural inflammation, and development of non-358 alcoholic fatty liver disease (NAFLD). Results showed that high ED diet consumption induced 359 rapid changes in the gut microbiome, triggered inflammation in the NTS as evidenced by 360 increased microglia activation, induced NAFLD, and changed the serum cytokine profile in rats.
361
Consistent with prior reports 23, 26-28 , our data showed that upon introduction of a high ED 362 diet, rats significantly increased their caloric intake compared to when fed a low ED diet.
363
However, by the second week of high ED diet consumption the animals had adjusted their 364 caloric intake. This adjustment of caloric intake by rats following acclimation to a high ED diet 365 has been previously reported 23, 29 . In addition, at the 26 week time point, there was no significant 366 difference in caloric intake between rats fed high ED diet and those fed low ED diet.
367
Concurrently, the rats fed high ED diet exhibited a significant increase in body weight and fat 368 mass that became more prominent over time. Rats fed high ED diet had significantly higher final 369 body weight and fat mass compared to low ED fed animals, despite similar caloric intake. This 370 was previously reported in a study by Lomba et al., which showed that rats fed a high fat diet 371 restricted to the amount of calories consumed by a low fat diet fed group gained significantly 372 more body weight and white adipose tissue than the low fat diet fed group 30 . Given that the 373 initial increase in calories consumed by high ED diet fed rats was transient, this phenomenon 374 indicates that high ED diets detrimentally affect body weight and fat mass accumulation 375 independent of caloric intake. week mark profile. Thereafter, we did not observe further fluctuations in bacterial abundance.
386
After four, eight, and 26 weeks of high ED diet, all animals clustered together and away from the 387 profile of animals fed low ED diet. 388 We found that high ED diet consumption led to a rapid increase in members of the family 389 Erysipelotrichaceae belonging to the Firmicutes phylum. These are obligate anaerobes have 390 been previously associated with consumption of high ED diets, increased adiposity and 391 inflammation 31-33 . High ED diet consumption also depleted members of the family S24-7 392 belonging to the Bacteroidetes phylum and members of the family Verrucomicrobiaceae of the 393 Verrucomicrobia phylum. The family S24-7 is associated with gut health as they are primarily 394 involved in the fermentation of dietary fibers to produce short-chain fatty acids (SCFAs) and 395 have been previously shown to be depleted by consumption of high fat diets 26, [34] [35] [36] . Members of 396 the family Verrucomicrobiaceae have also been shown to produce the SCFA propionate 35 . By 397 the end of four weeks on the high ED diet, we see a blooming of the family Ruminococcaceae 398 that persists for the duration of the study. Members of this family are also SCFAs producers and 399 generally associated with gut health 35 .
400
In this study, we aimed to characterize the systemic pattern of leptin, insulin, and pro-and 401 anti-inflammatory cytokines in rats fed a high ED diet. We observed a significant increase in 402 serum leptin after consumption of a high ED diet for 26 weeks. We did not observe significant 403 changes at the earlier time points tested. Consistent with prior reports, we did not observe 404 changes in serum levels of insulin with high ED diet consumption at any of the time points tested 405 37-39 . The effect of high ED diet consumption on insulin levels appears to be strain-specific. 406 Woods et al. reported a significant increase in plasma insulin levels in Long-Evans male rats fed 407 a high fat diet for 70 days 40 . Similar results were reported in WNIN rats after consumption of a 408 high fat diet for 13 weeks 39 and Wistar rats after 18 weeks 41 .
409
The cytokines showing major differences were Fibroblast Growth Factor (FGFβ), Stem Cell between the two studies, however, there is an observable trend toward higher levels with high 420 fat/ high ED diet consumption. In addition, we observed a significant decrease in Rantes, 421 consistent with a prior report by Fenton et al. in mice fed a high fat diet for 10 weeks 42 .
422
SCF serves as a ligand molecule for the receptor tyrosine kinase c-Kit. Activation of c-Kit by 423 SCF has been shown to be involved in cell migration and survival 43 . Our results showed a 424 significant increase in SCF levels after 26 weeks of high ED diet consumption compared to 425 baseline. High ED fed rats also have significantly higher levels of SFC than aged-matched, low 426 ED fed rats.
427
FGFβ is an endocrine hormone produced by the liver, which has been shown to promote 428 gluconeogenesis, ketogenesis, and lipid oxidation during fasting periods. However, during the 429 fed state, FGFβ is thought to enhance insulin-mediated glucose uptake 44 . Our results showed a 430 significant increase in serum levels of FGFβ after 26 weeks of high ED diet consumption 431 compared to baseline. However, when compared to aged-matched, low ED fed rats, we observed 432 no significant differences. It is thus possible that the changes in FGFβ levels is related to the 433 aging process. To our knowledge, there are no other studies reporting serum FGFβ levels in rats 434 with high ED feeding or in regards to aging.
435
IFNγ is an important cytokine for innate and adaptive immune response against viral Interleukin 1α (IL-1α) is generally known as an epidermal pro-inflammatory cytokine 48 . It 449 has also been shown that IL-1α knockout mice gained less body fat and did not develop glucose 450 intolerance when fed a high fat diet for 16 weeks 49 . Consistent with prior reports 50 , our data 451 showed that rats fed a high ED diet for 26 weeks have significantly higher levels of IL-1α than 452 low ED fed rats. Interleukin 5 (IL-5) is produced by T helper cells and is a key factor in the 453 activation of eosinophils during allergic reactions 51 . Consistent with a prior study 42 , our results 454 showed a significant decrease in serum levels of IL-5 after 26 weeks of high ED diet compared 455 to baseline.
456
In general, our results revealed longitudinal changes in the serum cytokine profile of animals 457 fed a high ED diet long-term. In addition, when we compared high ED diet fed rats at 26 weeks 458 (ED26) to age-matched, low ED diet fed rats, rats fed high ED diet had significantly higher 459 levels of Leptin, SCF, IL-1α, and TGFβ.
460
Our research group has conducted several studies to characterize the effect of high ED diet 461 consumption on inflammation in the brain. Vagal afferents carry information from the gut to the 462 NTS. Reports from our laboratory and others have shown that consumption of a high ED diet 463 triggers microglia activation in the nodose glanglia, NTS, and hypothalamus 27, 52, 53 . Results 464 from this study showed that high ED diet consumption induced an inflammatory response 465 reflected by microglia activation in the intermediate NTS after four weeks. These data further 466 suggest that length of exposure to the high ED diet exacerbates this response since microglia 467 activation after 26 weeks of high ED diet was significantly higher than after four weeks.
468
Our results demonstrated that consumption of a high ED diet led to a significant increase 469 in intracellular lipid accumulation in the liver, also known as hepatic steatosis. These data are in 470 concert with prior studies in rodents, mice and rats, which report development of hepatic 471 steatosis after consumption of a 40% fat diet for 16 weeks 54 . De Rudder et al., also reported that 472 mice developed hepatic steatosis after only four weeks of consuming a 60% fat diet 55 . Previous 473 studies have shown a link between microbiota dysbiosis and hepatic steatosis 56, 57 . The majority 474 of the blood supply to the liver comes from the intestines through the portal vein 58 . Thus, an 475 increase in gut microbes that produce toxic/inflammatory byproducts increases the gut-derived 476 bacterial products entering the liver 59 . Our data revealed an increase in abundance of members of 477 the family Erysipelotrichaceae and a study by Spencer et al. showed that levels of these bacteria 478 are directly associated with changes in liver fat in female human subjects 60 . In addition, we saw 479 an increase in SCFAs producers, namely members of the family Ruminococcaceae. The SCFAs 480 acetate, propionate, and butyrate have been previously shown to inhibit lipid accumulation in the 481 liver and improve hepatic function in rodents [61] [62] [63] . Given that the abundance of Ruminococcaceae 482 was increased after 26 weeks of high ED diet consumption, it is possible that the presence of 483 these bacteria and their byproducts contributed to prevent the progression of hepatic steatosis as 484 there was no difference in the degree of steatosis between the four weeks (ED4) and the 26 485 weeks group (ED26).
486
In conclusion, we have shown that long-term consumption of a high ED diet leads to 487 increased adiposity, gut dysbiosis, hepatic steatosis, inflammation in the NTS as revealed by 488 increased microglia activation, and increased systemic levels of inflammatory markers. Our 489 results suggests that gut dysbiosis starts immediately upon introduction of a high ED diet. Next, 490 as the liver is overloaded with increased accumulation of excess fat consumed and toxic bacterial 491 byproducts, hepatic steatosis develops. At the same time, endotoxins produced by the resident 492 gut microbiome damage vagal afferents, which in turn triggers microglia activation in the NTS. Fig. 3 . Microbial composition of rats fed a high energy dense diet for 4 weeks (STED, n = 6) or 26 weeks (LTED, n = 9) and rats fed a low energy dense diet for 26 weeks (LF26, n = 9). All phylogenetic levels present with abundance > 1% are represented. A, C) relative abundances of phyla at the family level in the STED group and in the LTED. B, D) Ratio of Firmucutes to Bacteroidetes in the STED and LTED group. In the STED group, high ED diet consumption significantly increased the abundance of members of Erysipelotrichaceae (LF 3.8% vs ED1 60% and ED4 41%, Ps < 0.0001) of the phylum Firmicutes. Members of the family S24-7 of the phylum Bacteroidetes were significantly depleted by high ED diet consumption (A). In addition, the ratio of Firmicutes to Bacteroidetes was significantly higher at one and four weeks of high ED diet compared to baseline (B). In the LTED group, compared to low ED diet fed rats, high ED diet fed rats had significantly higher abundance of members of Bacteroidaceae and Ruminococcaceae, and significantly lower abundance of members of Peptostreptococcaceae and Verrucomicrobiaceae.(C). In high ED fed rats, the Firmicutes-to-Bacteroidetes ratio was significantly higher after eight weeks compared to after four and 26 weeks (ED8 11.5 vs ED4 6.4 and ED26 5.7, Ps < 0.01). Compared to low ED controls (LF26), high ED fed rats had a significantly lower Firmicutes-to-Bacteroidetes ratio at four and 26 weeks (D). In the legend, 26 weeks (LF26, n = 9), a high ED diet for four weeks (ED4, n = 5), and a high ED diet for 26 weeks (ED26, n = 5) are shown. Binary analysis of the area fraction of Iba1 immunoreactivity showed that animals fed a high ED for four and 26 weeks exhibited significantly more microglia activation than low ED fed controls. In addition, microglia activation after 26 weeks of high ED diet was significantly higher than after four weeks. Graphs represent mean + SD Iba1 intensity.
Bars denoted with different letters (a, b, c) differ significantly (P < 0.05). NTS = Nucleus Tractus Solitarius; AP = Area Postrema. Scale bar = 200 μm. Fig. 5 . High ED diet intake induces hepatic lipidosis. Representative histopathological images of hematoxylin and eosin stained (top row) and oil-red-o stained (bottom row) hepatic tissue from rats fed a low ED diet (left column), rats fed a high ED for 4 weeks (middle column), and rats fed a high ED for 26 weeks (right column), n = 3 for each group. H&E staining revealed an increase in distinct vacuoles in rats fed the high ED diet (ED4 and ED26) compared to low ED controls (LF26) (top row). Similarly, ORO staining showed that high ED fed animals exhibited more intensely red granules (ED4 and ED26) than low ED controls (LF26) (bottom row). The quantitative scoring (Table) confirmed that hepatocellular lipidosis is apparent after consuming a high ED diet for four weeks. We did not observe significant differences in the extent of hepatocellular lipidosis between the STED (ED4) and LTED (ED26) groups. Low ED fed rats did not show signs of hepatocellular lipidosis. Graph represents mean + SD binary analysis of the area fraction of ORO staining, which further confirms our results. Bars denoted with different letters (a, b, c) differ significantly (P < 0.05). Scale bar for images is 100 µm. Scale bar of insert is 80 µm. Supplementary Fig. S1 . Rarefraction curves by diet group and experimental time point. Data are shown as mean for rats fed a high energy dense diet for 4 weeks (A, STED) or 26 weeks (B, LTED). Supplementary Fig. S2 . LDA scores used for generation of cladogram (Fig. 3C ). Colors designate time point: Blue: LF/baseline, Red: ED1, one week after introduction of high ED diet, Green: ED4, four weeks after introduction of high ED diet. Supplementary Fig. S3 . LDA scores used for generation of cladogram (Fig. 3F ). Colors designate time point: Purple: LF26, after 26 weeks of low ED diet, Green: ED4, four weeks after introduction of high ED diet. Blue: ED8, four weeks after introduction of high ED diet. Red: ED26, 26 weeks after introduction of high ED diet, Fig. S1.   Supplementary Fig. S2.   Supplementary Fig. S3 . Table 1 . Cytokine/chemokine optical density values + SD. # Different from LF; $ different from ED4; * different from ED8; ǂ different from ED26; ȼ different from LF26 For STED, LTED, and LF26 n = 6, 9, 9, respectively, unless otherwise stated. LF  ED4  LF  ED4  ED8  ED26  LF26 
STED LTED
